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Introduction {#tjp13654-sec-0020}
============

Membrane contact sites (MCSs) are defined as specialized subcellular zones where membranes of two different organelles come into close apposition. Typically, the gap between the two membranes ranges from 10 to 35 nm and there is no direct membrane fusion. The first hint of MCSs can be dated back to electron microscopic studies performed on muscle cells in the 1950s (Porter, [1953](#tjp13654-bib-0061){ref-type="ref"}; Porter & Palade, [1957](#tjp13654-bib-0062){ref-type="ref"}), in which close contacts between the endoplasmic/sarcoplasmic reticulum (ER/SR) and plasma membrane (PM) invaginations were noted and later characterized as skeletal muscle triads in the 1980s (Kawamoto *et al*. [1986](#tjp13654-bib-0039){ref-type="ref"}). The ER in eukaryotic cells forms an extensive and highly dynamic elastic intracellular membrane network. The ER facilitates the frequent contact and communication with various subcellular membranous structures (Fig. [1](#tjp13654-fig-0001){ref-type="fig"} *A*), such as the PM and the membranes of the vacuole, endosome, lysosome, peroxisome, mitochondrion, lipid droplet and Golgi apparatus (Wu *et al*. [2018](#tjp13654-bib-0091){ref-type="ref"}). Well‐characterized MCSs are also found at the outer membrane interfaces between peroxisome and mitochondrion (Shai *et al*. [2018](#tjp13654-bib-0075){ref-type="ref"}), peroxisome and lysosome (Chu *et al*. [2015](#tjp13654-bib-0011){ref-type="ref"}), as well as mitochondrion and endosome (Das *et al*. [2016](#tjp13654-bib-0017){ref-type="ref"}). MCSs form crucial signalling platforms to coordinate a plethora of physiological processes, including calcium (Ca^2+^) signalling, lipid metabolism, organelle biogenesis and subcellular trafficking (Carrasco & Meyer, [2011](#tjp13654-bib-0005){ref-type="ref"}; Rowland & Voeltz, [2012](#tjp13654-bib-0068){ref-type="ref"}; Phillips & Voeltz, [2016](#tjp13654-bib-0060){ref-type="ref"}; Wu *et al*. [2018](#tjp13654-bib-0091){ref-type="ref"}).

![Intracellular membrane contact sites (MCSs)\
*A*, diagram depicting MCSs formed between intracellular organelles (red circles). *B--G*, examples of MCSs and their tentative molecular compositions. *B*, STIM1--ORAI1 coupling that mediates store‐operated calcium entry at ER--PM junctions; *C*, the makeup of the ER--mitochondria junctions. IP3R, VDAC, VAPB, PTPIP51, MFN1/2 and PDZD8 are essential for mitochondrial Ca^2+^ uptake and/or the formation of ER--OMM contacts. *D--G*, lipid transfer by LTPs at MCSs between ER and other organelles. LTPs can establish intermembrane tethering via PH domains, C2 domains, or FFAT‐motif‐dependent interactions with VAP. Abbreviations: ACB, acyl‐coenzyme A binding domain; ACBD5, acyl‐coenzyme A binding domain protein 5; ER, endoplasmic reticulum; E‐syt1, extended synaptotagmin‐1; FFAT, phenylalanine--phenylalanine--acid tract; GRP75, 75 kDa glucose‐regulated proteins; IP3R, inositol 1,4,5‐trisphosphate receptor; LTP, lipid transfer protein; MFN, mitofusin; MEMTAL, MLN64 N‐terminal; Nir2, also called PITPnm1, membrane‐associated phosphatidylinositol transfer protein 1; OMM, outer mitochondrial membrane; ORD, oxysterol binding protein related domain; PA, phosphatidic acid; PI, phosphatidylinositol; PDZD8, PDZ domain‐containing protein 8; PITP, phosphatidylinositol transfer protein; PH, pleckstrin homology; PM, plasma membrane; PTPIP51, protein tyrosine phosphatase interacting protein 51; STARD3, StAR related lipid transfer domain‐3; STARD3NL, STARD3 N‐terminal like; SMP, synaptotagmin‐like mitochondrial lipid binding protein; STIM1, stromal interaction molecule 1; VAP, vesicle‐associated membrane protein (VAMP)‐associated protein; VDAC, voltage‐dependent anion selective channel.](TJP-598-1725-g003){#tjp13654-fig-0001}

MCSs as signalling hotspots for Ca^2+^ homeostasis and lipid metabolism {#tjp13654-sec-0030}
=======================================================================

Ca^2+^ is a versatile intracellular second messenger that regulates a vast array of biological activities, including short‐term processes such as muscle contraction and neurotransmitter release, as well as long‐term cell metabolism and programmed cell death (Zhou *et al*. [2013](#tjp13654-bib-0097){ref-type="ref"}; Trebak & Kinet, [2019](#tjp13654-bib-0087){ref-type="ref"}). In non‐excitable cells, store‐operated Ca^2+^ entry (SOCE) constitutes a primary Ca^2+^ entry route that uniquely connects the internal Ca^2+^ store with Ca^2+^ channels in the plasma membrane. As a prototypical example of SOCE, the calcium release‐activated channel (CRAC) in cells of the immune system is formed by the dynamic coupling between stromal interaction molecules (STIM1 and STIM2) and ORAI Ca^2+^ channels (ORAI1, ORAI2 and ORAI3) (Hogan *et al*. [2010](#tjp13654-bib-0036){ref-type="ref"}; Soboloff *et al*. [2012](#tjp13654-bib-0079){ref-type="ref"}; Prakriya & Lewis, [2015](#tjp13654-bib-0063){ref-type="ref"}; Nguyen, Han, *et al*. [2018](#tjp13654-bib-0054){ref-type="ref"}). Upon store depletion, STIM1 and ORAI1 accumulate at ER--PM MCSs to form the elementary unit of SOCE (Fig. [1](#tjp13654-fig-0001){ref-type="fig"} *B*). STIM1 is an ER‐localized protein, containing a Ca^2+^‐binding EF‐hand motif in its ER luminal domain and an ORAI‐activating domain in its cytoplasmic region (Liou *et al*. [2005](#tjp13654-bib-0047){ref-type="ref"}; Roos *et al*. [2005](#tjp13654-bib-0067){ref-type="ref"}; Zhang *et al*. [2005](#tjp13654-bib-0095){ref-type="ref"}; Luik *et al*. [2006](#tjp13654-bib-0050){ref-type="ref"}; Kawasaki *et al*. [2009](#tjp13654-bib-0040){ref-type="ref"}; Park *et al*. [2009](#tjp13654-bib-0059){ref-type="ref"}; Yuan *et al*. [2009](#tjp13654-bib-0094){ref-type="ref"}), whereas ORAI1 serves as a highly Ca^2+^ selective ion channel in the PM (Feske *et al*. [2006](#tjp13654-bib-0023){ref-type="ref"}; Vig *et al*. [2006](#tjp13654-bib-0090){ref-type="ref"}). When the ER Ca^2+^ store is full at rest, STIM1 and ORAI1 are evenly distributed across the ER and PM, respectively. Following Ca^2+^ depletion within the ER lumen, STIM1 is activated by the release of Ca^2+^ from the luminal EF‐hand, which triggers a series of conformational changes to enable its oligomerization and translocation toward the PM. Activated STIM1 directly engages and gates ORAI1 Ca^2+^ channel (Park *et al*. [2009](#tjp13654-bib-0059){ref-type="ref"}; Yuan *et al*. [2009](#tjp13654-bib-0094){ref-type="ref"}; Zhou *et al*. [2010](#tjp13654-bib-0096){ref-type="ref"}). STIM1 and ORAI1 can thus redistribute within their respective membranes and co‐accumulate in clusters at ER--PM contact sites to mediate Ca^2+^ entry. In addition to STIM--ORAI coupling at ER--PM MCSs, contacts between the ER/SR and the mitochondria provide a site for inositol 1,4,5‐trisphosphate receptor (IP~3~R)/ryanodine receptor (RyR)‐mediated Ca^2+^ oscillations and an avenue for localized Ca^2+^ microdomain (Szalai *et al*. [2000](#tjp13654-bib-0084){ref-type="ref"}; De Stefani *et al*. [2012](#tjp13654-bib-0019){ref-type="ref"}; Rizzuto *et al*. [2012](#tjp13654-bib-0065){ref-type="ref"}). MCSs between the ER and mitochondria are essential for rapid and sustained Ca^2+^ movement from the ER lumen to mitochondria (Rizzuto *et al*. [1998](#tjp13654-bib-0066){ref-type="ref"}; Csordas *et al*. [2006](#tjp13654-bib-0015){ref-type="ref"}). Many proteins participate in the formation and maintenance of ER--mitochondria MCSs (Fig. [1](#tjp13654-fig-0001){ref-type="fig"} *C*). Notable examples include (i) the 75 kDa glucose‐regulated protein (GRP75), which mediates the interaction between IP~3~R and mitochondrion‐anchored voltage‐dependent anion selective channel 1 (VDAC1) (Szabadkai *et al*. [2006](#tjp13654-bib-0083){ref-type="ref"}); (ii) mitofusin 2 (MFN2), which mediates homotypic interactions and heterotypic interactions with MFN1 (de Brito & Scorrano, [2008](#tjp13654-bib-0018){ref-type="ref"}); and (iii) PDZ domain‐containing protein 8 (PDZD8), which is a recently discovered scaffold to facilitate the assembly of ER--mitochondria MCSs (de Brito & Scorrano, [2008](#tjp13654-bib-0018){ref-type="ref"}; Hirabayashi *et al*. [2017](#tjp13654-bib-0035){ref-type="ref"}).

Lipids are major components of cellular membranes. Maintaining the proper lipid distribution of the membranes is critical for numerous cellular processes. Hydrophobic lipids form permeability barriers of cells and subcellular organelles in the form of lipid bilayers, which are essential for the embedding of proteins in the membrane as receptors, transporters and enzymes (Spector & Yorek, [1985](#tjp13654-bib-0082){ref-type="ref"}). Meanwhile, biochemical reactions for lipid synthesis and degradation are often responsible for initiating or terminating signalling cascades of intracellular organelles. Many types of lipids can only be synthesized in the ER and are subsequently delivered to other membranes via vesicular or non‐vesicular transport mechanisms at MCSs (Levine, [2004](#tjp13654-bib-0046){ref-type="ref"}). Phosphatidylinositol (PI), for instance, is synthesized in the ER, where phosphatidic acid (PA) acts as a precursor for PI. The transport of PI from the ER to the PM could be mediated by vesicular transport or via phosphatase‐interacting proteins (PTPIs). In the PM, PI is further phosphorylated to yield PI(4)P and PI(4,5)P~2~, the latter of which can be hydrolysed to generate two important second messengers, IP~3~ and diacylglycerol (DAG). DAG is subsequently converted to PA, which serves as a precursor for the synthesis of many phospholipids in the ER, including PI. The transfer of PA from the PM to the ER is believed to be primarily mediated by Nir2, a key protein that is essential for the maintenance of the 'PI‐cycle' via non‐vesicular PA/PI exchange at ER--PM contact sites (Chang & Liou, [2015](#tjp13654-bib-0010){ref-type="ref"}; Kim *et al*. [2015](#tjp13654-bib-0041){ref-type="ref"}, [2016](#tjp13654-bib-0042){ref-type="ref"}; Muallem *et al*. [2017](#tjp13654-bib-0053){ref-type="ref"}). Therefore, interorganellar contact sites are regarded as crucial sites for non‐vesicular trafficking of lipids from the synthesis sites to their functional destinations (van Meer & Sprong, [2004](#tjp13654-bib-0088){ref-type="ref"}; Helle *et al*. [2013](#tjp13654-bib-0033){ref-type="ref"}). Lipid transport proteins (LTPs) play important roles during this process by providing hydrophobic pockets to shield the bound lipids from the aqueous phase and thus guarantee the proper trafficking (Lev, [2010](#tjp13654-bib-0045){ref-type="ref"}). In addition to the core lipid binding domains, most LTPs also harbour pleckstrin homology (PH) domains, or C2 domains, or phenylalanine--phenylalanine--acid tract (FFAT) motifs to mediate the interaction with the second organellar membrane (Lahiri *et al*. [2015](#tjp13654-bib-0044){ref-type="ref"}) (Fig. [1](#tjp13654-fig-0001){ref-type="fig"} *D*--*G*). Moreover, other physiological processes can occur at MCSs. For instance, lipid rafts localized at ER--mitochondria MCSs can facilitate the formation of autophagosome (Garofalo *et al*. [2016](#tjp13654-bib-0027){ref-type="ref"}). MCSs are also involved in organelle division, such as mitochondrial and endosomal fission. The contact sites where ER tubules wrap around the mitochondria or endosomes often define the fission positions, which is crucial for maintaining proper turnover of mitochondria and endosome (Phillips & Voeltz, [2016](#tjp13654-bib-0060){ref-type="ref"}; Wu *et al*. [2018](#tjp13654-bib-0091){ref-type="ref"}).

Dysregulation of MCS assembly and maintenance has been linked to several human diseases. Recent studies have suggested that defective assembly of ER--mitochondria contact sites might be associated with neurodegenerative diseases, including Alzheimer\'s disease, Parkinson\'s disease and amyotrophic lateral sclerosis (Paillusson *et al*. [2016](#tjp13654-bib-0058){ref-type="ref"}). Dysfunction of the ER--peroxisomes contact sites is also correlated with the development of peroxisome‐related disorders (Castro *et al*. [2018](#tjp13654-bib-0008){ref-type="ref"}). Despite the aforementioned exciting progress, the molecular composition of MCSs (i.e. intermembrane connectome or imConnectome) and how MCSs contribute to (patho)physiological processes remain incompletely defined. This is partially attributable to the lack of appropriate methods and convenient tools to probe and perturb MCSs *in situ*. Although electron microscopy (EM) serves as the gold standard for the visualization of MCSs in fixed cells, a number of innovative approaches and tools now enable real‐time monitoring and manipulation of MCS dynamics in living cells. In this review, we provide a brief overview of the latest progress in these exciting new directions, with an emphasis on genetically encoded molecular probes and optogenetic MCS actuators that can be conveniently used in any laboratory equipped with a fluorescence microscope.

MCS visualization by electron microscopy in fixed samples {#tjp13654-sec-0040}
=========================================================

Electron microscopy (EM) is regarded as the 'gold standard' for MCS visualization by providing the static snapshot of the MCS architecture at the nanoscale often by utilizing horseradish peroxidase (HRP) to localize proteins (Fig. [2](#tjp13654-fig-0002){ref-type="fig"} *A*) (Wu *et al*. [2006](#tjp13654-bib-0092){ref-type="ref"}). When coupled with the immunogold labelling technique (Orci *et al*. [2009](#tjp13654-bib-0057){ref-type="ref"}; Eisenberg‐Bord *et al*. [2016](#tjp13654-bib-0020){ref-type="ref"}), it is commonly used to determine whether a protein of interest is localized within or outside a defined interorganellar contact site. Furthermore, focused ion beam‐scanning EM (FIB‐SEM) uses an electron beam to capture the SEM image of the sample, followed by an ion beam to remove a thin layer of the material (15--50 nm) and thus expose a new section for imaging. The series of SEM images are then merged to form a three‐dimensional (3D) visualization of the sample. With this technique, a resolution of ∼20--40 nm is achieved for thick 3D samples without the need to manually generate serial sections (Fig. [2](#tjp13654-fig-0002){ref-type="fig"} *B*) (Bushby *et al*. [2011](#tjp13654-bib-0004){ref-type="ref"}; Ohta *et al*. [2014](#tjp13654-bib-0056){ref-type="ref"}; Hirabayashi *et al*. [2017](#tjp13654-bib-0035){ref-type="ref"}; Cohen *et al*. [2018](#tjp13654-bib-0012){ref-type="ref"}). However, maintaining the samples in their native states after fixation poses a challenge to these EM‐based techniques. Because the preparation of samples often involves chemical fixation, dehydration and plastic embedment, intracellular organelles tend to be damaged or undergo structural rearrangements to disrupt the intact architecture of MCSs (Tocheva *et al*. [2010](#tjp13654-bib-0085){ref-type="ref"}).

![MCS visualization by electron microscopy and fluorescence microscopy\
*A*, a representative electron micrograph (EM) of HRP--STIM1 in HEK293 cells following Ca^2+^ store depletion. Scale bar, 500 nm. *B*, MCSs formed between ER (magenta) and mitochondria (green) in HeLa cells visualized by FIB‐SEM (left). The 3D model was built based on images acquired by reconstructing FIB‐SEM images (right). MCSs are indicated by magenta arrows. Scale bar, 1 µm. This image from Hirabayashi *et al*. ([2017](#tjp13654-bib-0035){ref-type="ref"}) is republished with permission from the American Association for the Advancement of Science. *C*, a representative Cryo‐ET image of ER--PM contact sites in COS‐7 cell. Scale bars, 200 nm. This image from Collado & Fernandez‐Busnadiego ([2017](#tjp13654-bib-0013){ref-type="ref"}) is republished with permission from Elsevier Science and Technology Journals. *D--F*, light‐induced alterations in the distribution of mRuby2‐OptoPBer at the footprint of HeLa cells imaged by confocal microscopy (*D*), TIRFM (*E*) and SIM (*F*), respectively. Transfected cells were either shielded (black bar) or exposed to blue light illumination for 60 s (blue bar). Scale bar, 10 µm.](TJP-598-1725-g004){#tjp13654-fig-0002}

Electron cryo‐tomography (Cryo‐ET) solves this problem by immobilizing samples in non‐crystalline ice so that one can carry out imaging experiments under cryogenic conditions to avoid dehydration and chemical fixation procedures (Tocheva *et al*. [2010](#tjp13654-bib-0085){ref-type="ref"}). Cryo‐ET has been gaining increasing interest in the cell biology field by providing fine MCS structures at a high resolution of approximately 4--10 nm. Most impressively, a series of two‐dimensional images can be combined to generate a 3D structure of MCSs. Friedman *et al*. utilized this powerful technique to reveal that ER tubules tightly wrap around mitochondria or endosomes in eukaryotic cells (Friedman *et al*. [2011](#tjp13654-bib-0026){ref-type="ref"}, [2013](#tjp13654-bib-0025){ref-type="ref"}). Taking advantage of Cryo‐ET, Fernandez‐Busnadiego *et al*. analysed the 3D architecture of ER--PM junctions (Fig. [2](#tjp13654-fig-0002){ref-type="fig"} *C*) and found that the junctions could be mediated by extended synaptotagmins (E‐Syts) and STIM1, with each bridging a different gap distance and contributing to the maintenance of ER--PM MCSs in response to intracellular Ca^2+^ mobilization (Fernandez‐Busnadiego *et al*. [2015](#tjp13654-bib-0022){ref-type="ref"}; Collado & Fernandez‐Busnadiego, [2017](#tjp13654-bib-0013){ref-type="ref"}). Clearly, the advent of Cryo‐ET enables the visualization of the 3D structures of MCSs without chemical fixation at a near‐native state with high resolution.

MCS visualization with fluorescence microscopy in living cells {#tjp13654-sec-0050}
==============================================================

To enable MCS visualization in living cells, genetically encoded fluorescent proteins are often attached to MCS‐resident proteins so that the MCS structure becomes visible under multispectral fluorescence microscopy (Fig. [2](#tjp13654-fig-0002){ref-type="fig"} *D*). The lateral resolution of conventional epifluorescence or confocal microscopy is approximately 200 nm, while the axial resolution is even worse, approaching approximately 500 nm (Schulz *et al*. [2013](#tjp13654-bib-0072){ref-type="ref"}; MacDonald *et al*. [2015](#tjp13654-bib-0051){ref-type="ref"}). This diffraction limit makes it difficult to image the biological processes occurring at or near the plasma membrane. Higher axial resolution can be achieved (less than 200 nm) by taking advantage of the total internal reflection fluorescence microscopy (TIRFM; Fig. [2](#tjp13654-fig-0002){ref-type="fig"} *E*). TIRFM is also called 'evanescent wave microscopy', because it utilizes the complete reflection of a ray of light at the glass--water interface to generate an evanescent wave to selectively illuminate the fluorophores only at the surface regions. The wave penetrates to a depth of approximately 100 nm into the sample without exciting fluorescent proteins far away from the surface, thereby leading to a significant reduction of the background noise (Axelrod, [2001](#tjp13654-bib-0002){ref-type="ref"}; Mattheyses *et al*. [2010](#tjp13654-bib-0052){ref-type="ref"}). TIRFM has been extremely useful in monitoring the kinetics and dynamics of proteins residing at the ER--PM contact sites since these MCSs are formed within 100 nm above the bottom of a culture dish. For instance, STIM1 puncta formation at ER--PM junctions can be readily visualized by TIRFM within 1 min after Ca^2+^ store depletion (Liou *et al*. [2005](#tjp13654-bib-0047){ref-type="ref"}; Wu *et al*. [2006](#tjp13654-bib-0092){ref-type="ref"}; Jing *et al*. [2015](#tjp13654-bib-0038){ref-type="ref"}).

Although confocal microscopy or TIRFM can provide low‐resolution dynamic pictures of MCSs, these methods cannot resolve the fine architecture of MCSs (10--35 nm). Super‐resolution microscopes become a more suitable choice to pinpoint the exact localization of a target protein at MCSs. When coupled with fluorophore labelling of MCS‐resident proteins, super‐resolution light microscopy methods such as structured illumination microscopy (SIM; Hirabayashi *et al*. [2017](#tjp13654-bib-0035){ref-type="ref"}; Fig. [2](#tjp13654-fig-0002){ref-type="fig"} *F*), photoactivation localization microscopy (PALM; Sengupta *et al*. [2014](#tjp13654-bib-0074){ref-type="ref"}), and stochastic optical reconstruction microscopy (STORM; Shim *et al*. [2012](#tjp13654-bib-0078){ref-type="ref"}) provide alternative non‐EM methods to observe the behaviour of MCSs *in situ* with a higher lateral and axial resolution (Table [1](#tjp13654-tbl-0001){ref-type="table"}; Cohen *et al*. [2018](#tjp13654-bib-0012){ref-type="ref"}). A brief comparison of the resolution among all these imaging techniques is summarized in Table [2](#tjp13654-tbl-0002){ref-type="table"}. However, acquisition speed is an inherent limitation of PALM and STORM techniques. These techniques require the sequential sampling of thousands of raw frames to generate a stochastic image, and therefore tend to compromise the temporal resolution (Shcherbakova *et al*. [2014](#tjp13654-bib-0076){ref-type="ref"}). The recently reported multi‐colour grazing incidence (GI)‐SIM provides a potential solution to this problem. GI‐SIM permits the acquisition of one to two images per second and is most suitable for monitoring the highly dynamic interactions of ER with its neighbouring organelles (MacDonald *et al*. [2015](#tjp13654-bib-0051){ref-type="ref"}; Guo *et al*. [2018](#tjp13654-bib-0030){ref-type="ref"}). Although these techniques are capable of improving resolution in both lateral and axial dimensions, they are not readily available in a standard laboratory because of the high cost.

###### 

Exemplary approaches and molecular tools for MCS visualization and perturbation

  MCS location                                                       Design/binding partners                                                      Approach or tool                         Reference
  ------------------------------------------------------------------ ---------------------------------------------------------------------------- ---------------------------------------- -------------------------------------------------------------------
  MCS visualization and labelling                                                                                                                                                          
  ER--mitochondria                                                   ER: split GFP strands 1--10Mito: split GFP strand 11                         BiFC                                     Yang *et al*. ([2018](#tjp13654-bib-0093){ref-type="ref"})
  ER--mitochondria                                                   ER: VAP‐BMito: PTPIP51                                                       PLA                                      Gomez‐Suaga *et al*. ([2017](#tjp13654-bib-0028){ref-type="ref"})
  ER--LE                                                             ER: VAP‐ALE: STARD3 or STARD3NL                                              PLA                                      Alpy *et al*. ([2013](#tjp13654-bib-0001){ref-type="ref"})
  ER--PM                                                             Engineered ER‐resident Rit‐PB with spacers and linkers; GFP‐tagged           MAPPER                                   Chang *et al*. ([2013](#tjp13654-bib-0009){ref-type="ref"})
  Chemical or optogenetic actuators for tethering and MCS assembly                                                                                                                         
  ER--mitochondria tethering                                         ER: CFP‐FRB‐Sac1 (521--587)Mito: mAKAP (34--63)‐FKBP‐RFP                     Rapamycin‐inducible chemical dimerizer   Csordas *et al*. ([2010](#tjp13654-bib-0016){ref-type="ref"})
  ER--mitochondria tethering                                         ER: SspB‐mKate2‐CB5Mito: Venus‐iLID‐ActA                                     iLID‐based optical dimerizer             Shi *et al*. ([2018](#tjp13654-bib-0077){ref-type="ref"})
  ER--PM MCS                                                         ER‐anchored photosensitive GFP‐tagged Rit‐PB                                 LOV2‐based LiMETER                       Jing *et al*. ([2015](#tjp13654-bib-0038){ref-type="ref"})
  ER--PM MCS                                                         ER‐anchored photosensitive GFP‐ or mRuby2‐tagged STIM1‐PB and its variants   LOV2‐based OptoPBer                      He *et al*. ([2017](#tjp13654-bib-0032){ref-type="ref"})

Abbreviations: ActA, actin assembly inducing protein; BiFC, bimolecular fluorescence complementation; CB5, cytochrome *b* ~5~; ER, endoplasmic reticulum; FKBP, FK506 binding protein; FRB domain, FKBP12‐rapamycin binding domain; iLID, improved light‐induced dimer; LE, late endosome; LiMETER, light‐inducible membrane tethered peripheral ER; LOV2, light‐oxygen‐voltage sensing domain 2; MAPPER, membrane‐attached peripheral ER; MCS, membrane contact site; PB, polybasic domain; PLA, proximity ligation assay; PM, plasma membrane; PTPIP51, protein tyrosine phosphatase interacting protein; STARD3, StAR related lipid transfer domain‐3; STARD3NL, STARD3 N‐terminal like; VAP, vesicle‐associated membrane protein‐associated protein.

John Wiley & Sons, Ltd.

###### 

Summary of the resolution of different imaging techniques

  Technique   Lateral resolution   Axial resolution   Reference
  ----------- -------------------- ------------------ -------------------------------------------------------------------------------------------------------------------------------
  Confocal    200 nm               500--700 nm        Schulz *et al*. ([2013](#tjp13654-bib-0072){ref-type="ref"}), MacDonald *et al*. ([2015](#tjp13654-bib-0051){ref-type="ref"})
  TIRFM       200 nm               Up to 100 nm       Axelrod ([2001](#tjp13654-bib-0002){ref-type="ref"}), Mattheyses *et al*. ([2010](#tjp13654-bib-0052){ref-type="ref"})
  SIM         100 nm               250 nm             Gustafsson ([2000](#tjp13654-bib-0031){ref-type="ref"})
  PALM        Up to 20 nm          50 nm              Betzig *et al*. ([2006](#tjp13654-bib-0003){ref-type="ref"})
  STORM       Up to 20 nm          50 nm              Rust *et al*. ([2006](#tjp13654-bib-0069){ref-type="ref"})

Abbreviations: PALM, photoactivation localization microscopy; SIM, structured illumination microscopy; STORM, stochastic optical reconstruction microscopy; TIRFM: total internal reflection fluorescence microscopy.

John Wiley & Sons, Ltd.

MCS labelling by proximity ligation assay {#tjp13654-sec-0060}
=========================================

Classic EM and Cryo‐ET are useful techniques for MCS visualization after cell fixation. However, these methods require special equipment and laborious sample preparation steps, making them non‐ideal for daily use. To label endogenous protein complexes in fixed cells and visualize them with fluorescence microscopy, a highly sensitive approach termed *in situ* proximity ligation assay (PLA) has been developed, which is frequently used for detecting endogenous protein--protein interactions in fixed cells or tissues (Soderberg *et al*. [2006](#tjp13654-bib-0080){ref-type="ref"}). PLA relies on probe‐based targeting and labelling of target proteins. Proteins of interest can be probed with primary antibodies, followed by secondary antibodies coupled to specific oligonucleotides (Soderberg *et al*. [2008](#tjp13654-bib-0081){ref-type="ref"}). If two target proteins harbouring the oligonucleotides are situated in close proximity, a third connector oligonucleotide can be hybridized with both oligonucleotides to generate circular DNA strands, which serve as templates for rolling circular amplification (Fig. [3](#tjp13654-fig-0003){ref-type="fig"} *A*). Using fluorophore‐labelled complementary nucleotides, PLA allows for the microscopic visualization of two targets in close proximity at approximately 30 nm (Soderberg *et al*. [2006](#tjp13654-bib-0080){ref-type="ref"}).

![MCS visualization and manipulation with chemogenetic or optogenetic tools\
*A*, cartoon illustration of the proximity ligation assay (PLA). RCA, rolling circle amplification. *B*, detection of MCS‐resident proteins by bimolecular fluorescence complementation (BiFc). Two non‐fluorescent fragments of a fluorescent protein (FP) were individually anchored to the opposing membranes of different organelles. When the two organellar membranes are positioned in close proximity, an intact FP will be reassembled to emit fluorescence. *C*, inducible intermembrane tethering between ER and mitochondria. The tethering can be achieved by either using a rapamycin/FRB/FKBP‐based chemical dimerization module (left) or an iLID‐based optical dimerizer (right). ER, endoplasmic reticulum; FKBP, FK506 binding protein; FRB domain, FKBP12‐rapamycin binding domain; OMM, outer mitochondrial membrane. *D*, scheme illustrating the domain architecture of MAPPER, LiMETER and OptoPBer, which can be used to visualize or inducibly control MCS formation at ER--PM junctions. CC, coiled coild region; EF‐SAM: EF‐hand and sterile alpha domain; FRB, FKBP‐rapamycin binding domain; LOV2, light‐oxygen‐voltage domain 2; PB, polybasic domain; SP, ER‐targeting signal peptide; S/P, serine/proline‐rich region; TM, transmembrane domain. *E*, schematic illustration of MAPPER at ER--PM junctions. *F*, cartoon illustrating light‐inducible assembly of ER--PM MCS mediated by LiMETER or OptoPBer. By tuning the spacer within these optogenetic constructs, the ER--PM gap distance can be tuned to manipulate the diffusion of PM‐resident proteins (e.g. ORAI1) into ER--PM contact sites. *G*, a confocal image showing the exclusion of ORAI1--YFP (green) from ER--PM contact sites marked by mRuby2--OptoPBer (red) when the gap distance was shortened to less than 10 nm in response to blue light stimulation. White arrows indicate ORAI1 exclusion from ER--PM MCSs. Scale bar, 5 µm.](TJP-598-1725-g005){#tjp13654-fig-0003}

Taking advantage of PLA, Alpy *et al*. discovered that both late‐endosomal membrane‐anchored proteins, StAR‐related lipid transfer domain‐3 (STARD3) and STARD3 N‐terminal like protein (STARD3NL), are involved in the MCS assembly between late endosomes (LE) and ER (Alpy *et al*. [2013](#tjp13654-bib-0001){ref-type="ref"}). In a second study, PLA was used to examine whether vesicle‐associated membrane protein‐associated protein B (VAPB) and protein tyrosine phosphatase interacting protein 51 (PTPIP51) would impact the assembly of ER--mitochondria MCSs marked by the IP~3~R--VDAC1 pair. Overexpression of VAPB or PTPIP51 was found to enhance PLA signals, thus implying an indispensable role of these two new players in shaping ER--mitochondria MCSs to facilitate Ca^2+^ exchange and autophagy (Gomez‐Suaga *et al*. [2017](#tjp13654-bib-0028){ref-type="ref"}). Because PLA relies on antibodies, it is suitable for detecting endogenous protein interactions in both cell lines and tissue sections *ex vivo*. However, for MCS‐resident proteins lacking appropriate antibodies, PLA may not be the first choice for MCS visualization.

MCS labelling by bimolecular fluorescence complementation {#tjp13654-sec-0070}
=========================================================

Another method relying on the spatial proximity to label MCSs is based on biomolecular fluorescence complementation (BiFC) systems, including split Venus (Toulmay & Prinz, [2012](#tjp13654-bib-0086){ref-type="ref"}) or spGFP1--10/spGFP11 (Feinberg *et al*. [2008](#tjp13654-bib-0021){ref-type="ref"}). In a typical BiFC configuration, a fluorescent protein (FP) is split into two non‐fluorescent parts, with either the N‐ or C‐terminal fragment fused to each of the two proteins residing within the opposing membranes (Fig. [3](#tjp13654-fig-0003){ref-type="fig"} *B*). If the two proteins of interest interact with each other, they may bring the two FP fragments into close proximity (∼10--30 nm) to restore the fluorescence of the chromophore (Shai *et al*. [2018](#tjp13654-bib-0075){ref-type="ref"}). Given the straightforward readout and its compatibility with high‐throughput screening platforms, BiFC can be further applied to identify unknown binding partners within MCSs. In order to discover new interorganellar contact sites in yeast, Shai *et al*. generated a series of constructs, with various membrane proteins from two different organelles tagged with either half of a split Venus (Shai *et al*. [2018](#tjp13654-bib-0075){ref-type="ref"}; Yang *et al*. [2018](#tjp13654-bib-0093){ref-type="ref"}). They discovered at least four potential new contacts: PM--vacuole, PM--lipid droplet, PM--peroxisome and peroxisome--vacuole MCSs. Moreover, they found two novel tether proteins, Fzo1 and Pex34, at the mitochondria--peroxisome contact sites. They found that the contact site expansion triggered by Pex34 overexpression, but not by Fzo1 expression, contributed to fatty acids β‐oxidation in yeast (Shai *et al*. [2018](#tjp13654-bib-0075){ref-type="ref"}). Hence, the contact site machinery and functions can be systematically investigated by using BiFC. The extension of a similar method to probe MCSs in various types of mammalian cells is anticipated to expand the connectome by unravelling previously unrecognized MCS‐resident proteins.

The split FP system can also be utilized to monitor MCS dynamics in real time. A split green fluorescent protein (GFP), composed of spGFP1--10 and spGFP11, can be anchored at ER membrane and mitochondrial outer membrane, respectively. This reporter makes it is possible to analyse ER--mitochondria contact site distribution and dynamics during the cell cycle and under different stressful cellular conditions. With this method, Yang *et al*. demonstrated that the contacts sites between ER and mitochondria are dynamic structures that undergo active remodelling under conditions of different cellular needs (Yang *et al*. [2018](#tjp13654-bib-0093){ref-type="ref"}). Thus, BiFC can be broadly applied to analyse native MCS distribution and MCS dynamics under various (patho)physiological conditions.

Three caveats, nonetheless, have to be taken into consideration for BiFC‐related applications. First, because the orientation and positioning of the fused FP fragments might affect the efficiency of fluorescence restoration, repeated rounds of trial and error studies are often needed to find the best combination. The absence of fluorescence signal, sometimes, may not reflect the absence of protein--protein interactions within a particular MCS. Second, because fluorescence complementation seems to be irreversible *in vitro*, BiFC could potentially stabilize intermembrane coupling to perturb the size and dynamics of MCSs. Third, given that the FP partners tend to self‐assemble at high local concentrations, a negative control group is essential to draw a clear conclusion in each experiment. The most appropriate negative control is the fusion in which the interaction sites have been mutated, thereby abolishing interaction with the partner (Kudla & Bock, [2016](#tjp13654-bib-0043){ref-type="ref"}). An inducible expression system is most desirable under the scenario that an unspecific interaction is foreseen.

Inducible intermembrane tethering {#tjp13654-sec-0080}
=================================

Apart from reporters or markers to aid MCS visualization, molecular tools that allow remote manipulation of intermembrane tethering and MCS assembly are equally needed to study interorganellar communication (Table [1](#tjp13654-tbl-0001){ref-type="table"}). These perturbative tools parallel the gain‐of‐function manipulation seen in a typical genetic study. To this end, pairs of chemical‐ or light‐inducible dimerization modules can be tethered to proteins residing on either side of the opposing membranes of MCSs (Fig. [3](#tjp13654-fig-0003){ref-type="fig"} *C*). Forced intermembrane tethering can be achieved by simple addition of chemicals or via light illumination. The FK506 binding protein (FKBP) and the FKBP‐rapamycin binding (FRB) domain based chemical dimerization modules are most frequently used to trigger protein--protein interactions upon the addition of rapamycin or its analogues (Crabtree & Schreiber, [1996](#tjp13654-bib-0014){ref-type="ref"}; Rivera *et al*. [1996](#tjp13654-bib-0064){ref-type="ref"}; Castellano & Chavrier, [2000](#tjp13654-bib-0006){ref-type="ref"}; Castellano *et al*. [2000](#tjp13654-bib-0007){ref-type="ref"}). Rapamycin binds to FKBP and the FRB fragment of the mechanistic target of rapamycin (mTOR) protein to mediate the heterodimer formation (Inobe & Nukina, [2016](#tjp13654-bib-0037){ref-type="ref"}). Fluorophore‐conjugated FRB and FKBP modules have been engineered into the cytoplasmic side of an ER‐resident protein and the inner half of PM, respectively, to bring ER membrane and PM into close proximity following rapamycin treatment. The distance between ER and PM can thus be adjusted by introducing flexible linker with varying lengths. By taking advantage of this rapamycin‐induced dimerization system, Varnai *et al*. demonstrated that an optimized gap distance is required to enable efficient ORAI--STIM coupling at ER--PM contact sites. They estimated that a distance of at least 6 nm is required for STIM1 diffusion into ER--PM junctions, whereas ORAI1 needs at least 10--14 nm to be accommodated within this specialized contact site (Varnai *et al*. [2007](#tjp13654-bib-0089){ref-type="ref"}).

In a separate study, Csordas *et al*. ([2010](#tjp13654-bib-0016){ref-type="ref"}) applied a similar chemical‐inducible system to regulate calcium dynamics at the ER--mitochondria contact sites. In brief, the outer mitochondrial membrane (OMM) targeting sequence from mouse a‐kinase anchor protein 1 (mAKAP1) (residues 34--63) was added to the monomer red fluorescent protein (mRFP)--FKBP fusion. For ER targeting, human Sac1 (residues 521--587) was fused to cyan fluorescent protein (CFP)--FRB. Following rapamycin treatment, a stable linkage was formed between the FKBP and FRB domains to drive the close apposition between ER and OMM. In order to visualize the ER--mitochondria contact sites, Csordas *et al*. ([2010](#tjp13654-bib-0016){ref-type="ref"}) designed a Förster resonance energy transfer (FRET)‐based reporter that targets the ER--mitochondria interface. FRET is a non‐radiative energy transfer process between two chromophores. FRET is initiated by the electronically excited donor chromophore, which transfers its energy to the nearby acceptor chromophore. The excitation spectrum of the acceptor chromophore is required to overlap with the emission spectrum of the donor chromophore (Sekar & Periasamy, [2003](#tjp13654-bib-0073){ref-type="ref"}). An advantage of this approach is that FRET offers a higher spatial resolution (about 1--10 nm) than fluorescence colocalization (Loura & Prieto, [2011](#tjp13654-bib-0049){ref-type="ref"}). With this design, FRET signals were detected on almost all the mitochondrial surface upon rapamycin‐induced dimerization between the ER‐targeted FRET donor and the mitochondria‐anchored acceptor. This chemical‐inducible FRET reporter system has been utilized to demonstrate that the existence of an optimal gap width is required for efficient Ca^2+^ transfer between ER and mitochondria (Csordas *et al*. [2010](#tjp13654-bib-0016){ref-type="ref"}). Collectively, chemical‐inducible intermembrane tethering provides a non‐conventional approach to modulate cellular events occurring at MCSs. Because rapamycin‐induced artificial tethering lacks strict spatial control, this chemogenetic approach tends to cause a massive apposition between two opposing membranes, rather than the formation of spatially restricted bona fide contact sites.

To enable both spatial and temporal control over tethering, Shi *et al*. modified the chemical‐inducible ER--mitochondria system by replacing the FRB/FKBP components with an optical dimerizer termed iLID (improved light‐induced dimer) (Shi *et al*. [2018](#tjp13654-bib-0077){ref-type="ref"}). The iLID system consists of a bacterial peptide, SsrA, which is originally caged by the photoswitch LOV2 (light‐oxygen‐voltage sensing domain 2), and its binding partner, SspB (Guntas *et al*. [2015](#tjp13654-bib-0029){ref-type="ref"}). In the dark, SsrA is docked to the LOV2 core body via a Jα helix. Following blue light illumination, SsrA is released from LOV2 and selectively associates with its natural partner, SspB, resulting in a light‐inducible heterodimer formation. mKate2‐tagged SspB is anchored toward the ER membrane via the ER‐resident peptide sequence of cytochrome *b* ~5~ (CB5), whereas the light‐responsive LOV2‐SsrA component is anchored to OMM by an OMM linker peptide sequence derived from actin assembly inducing protein (ActA). When both components were co‐expressed in mammalian cells, SspB--mKate2--CB5 retained a tubular ER distribution and Venus--iLID--ActA was anchored on mitochondria, respectively. Upon blue light stimulation, SspB--mKate2--CB5 translocated toward mitochondria, and subsequently colocalized with Venus--iLID--ActA to form puncta and tubular structures within approximately 90 s. The movement of SspB--mKate2--CB5 toward mitochondria could be manipulated by repeatedly switching on and off the light source without significant loss of the photo‐induced responses. In addition to temporal control, the iLID system also displays a superior spatial resolution. For instance, focal blue light can be applied to illuminate only a selected region of interest to induce local ER--OMM tethering without eliciting global responses outside the region. This synthetic device proves to be highly reversible with high spatial and temporal precision. Nonetheless, whether or not such optogenetic manipulations recapitulate the behaviour and functional consequences of bona fide membrane contacts sites between ER and OMM is still questionable. To bridge this technical gap, chemical biological tools engineered from naturally existing MCS‐resident proteins are most desirable, but have yet to be developed in the near future.

Light‐inducible labelling and manipulation of MCSs {#tjp13654-sec-0090}
==================================================

To overcome the disadvantages of the above‐mentioned inducible systems that tend to form massive intermembrane 'patches' rather than discrete contact 'sites', optogenetic tools have been developed for selective manipulation of MCS assembly, particularly at the ER--plasma membrane contact sites. Compared with other methods, the optogenetic approach excels in its reversibility, genetic encodability, high spatiotemporal precision and non‐invasiveness (Liu & Tucker, [2017](#tjp13654-bib-0048){ref-type="ref"}).

ER--PM MCSs are among the most abundant intermembrane appositions in a mammalian cell, and serve as a specialized subcellular compartment for regulating Ca^2+^ homeostasis and lipid exchange (Carrasco & Meyer, [2011](#tjp13654-bib-0005){ref-type="ref"}; Saheki & De Camilli, [2017](#tjp13654-bib-0070){ref-type="ref"}). To selectively label ER--PM MCSs in living cells, Chang *et al*. developed a genetically encoded ER--PM tether, termed 'MAPPER' (for membrane‐attached peripheral ER) by taking advantage of a phospholipid‐binding motif from a small GTPase (Chang *et al*. [2013](#tjp13654-bib-0009){ref-type="ref"}) (Fig. [3](#tjp13654-fig-0003){ref-type="fig"} *D* and *E*). An ER‐targeting signal peptide and the single transmembrane domain derived from STIM1 are used in MAPPER to ensure its ER localization, with GFP inserted in between to make MAPPER visible under fluorescence microscope. The cytoplasmic side of MAPPER contains flexible linkers and tunable spacers with varying lengths to span a 10--25 nm gap distance, as well as a polybasic domain (PB) of the small G protein Rit. Rit‐PB is rich in positively charged residues and interacts with the negatively charged phosphoinositides (e.g. phosphatidylinositol 4,5‐ bisphosphate or phosphatidylinositol 3,4,5‐trisphosphate) in the inner half of the lipid bilayer of PM (Heo *et al*. [2006](#tjp13654-bib-0034){ref-type="ref"}; Fig. [3](#tjp13654-fig-0003){ref-type="fig"} *E*). One limitation of the MAPPER system is that this artificial construct may constitutively induce the formation of MCSs to perturb the phosphoinositide homeostasis in the host cells.

To avoid the possibility of the constitutive localization of MAPPER at ER--PM MCSs and make this system inducible, Jing *et al*. inserted a light switch derived from the LOV2 domain of oat phototropin 1 upstream of Rit‐PB (Jing *et al*. [2015](#tjp13654-bib-0038){ref-type="ref"}). Through multiple rounds of optimization, the best performing construct, designated LiMETER (for light‐inducible membrane tethered peripheral ER tool), was created to enable light‐inducible assembly of membrane contacts sites between ER and the plasma membrane (Figs [2](#tjp13654-fig-0002){ref-type="fig"} *D* and *E* and [3](#tjp13654-fig-0003){ref-type="fig"} *F*). In the dark, LiMETER is distributed evenly across the ER network with the C‐terminal PB tightly docked toward LOV2, thereby preventing its association with PM‐resident phosphoinositides. Upon blue light stimulation, the photo‐sensing cofactor flavin mononucleotide (FMN) forms a photoadduct with the neighbouring cysteine residue to trigger conformational changes that lead to the unwinding and unfolding of the Jα helix. As a consequence, the C‐terminally appended Rit‐PB was exposed and its function restored to engage phosphoinositides and bridge the distance between ER and PM within tens of seconds. Given that the photoreaction is totally reversible, the assembly and disassembly of ER--PM MCSs can be mimicked by simply switching on and off the light source. Compared with MAPPER, which constitutively makes stable connections between ER and PM, LiMETER can be used to transiently mark ER--PM MCSs with minimal perturbation of the host physiology. Both MAPPER and LiMETER can be employed to perform functional rescue experiments under circumstances in which a hypothetical MCS tether at ER--PM junctions is genetically depleted.

Very recently, a further evolved version of LiMETER with an enhanced signal‐to‐noise ratio and tunable helical spacers has been developed (He *et al*. [2017](#tjp13654-bib-0032){ref-type="ref"}; Nguyen *et al*. [2018](#tjp13654-bib-0055){ref-type="ref"}). By replacing the Rit‐PB with a poly basic C‐tail from STIM1, He *et al*. developed the OptoPBer system to inducibly generate ER--PM MCSs with varying gap distance (Fig. [3](#tjp13654-fig-0003){ref-type="fig"} *F*). By introducing mutations into the STIM1‐PB domain, OptoPBer has been successfully used to identify key residues responsible for protein--phosphoinositide interactions in living cells (He *et al*. [2017](#tjp13654-bib-0032){ref-type="ref"}). Likewise, this modular system can serve as a scaffold to validate if any predicted phospholipid binding domain can indeed mediate protein--lipid interactions in a cellular context. To tune the gap distances between ER and PM, zero to eight α‐helical spacers composed of (EAAAR)~4~, with each spanning an estimated distance of 3 nm, were insert between the transmembrane domain and the LOV2 domain to span 10--35 nm at ER--PM junctions. This tunable system was used to gauge the distance requirement for the free diffusion of ORAI1 channels into ER--PM puncta marked by OptoPBer. With a gap distance of approximately 10 nm, yellow fluorescent protein (YFP)--ORAI1 diffusion into the puncta seemed to be disrupted (Fig. [3](#tjp13654-fig-0003){ref-type="fig"} *G*). When the gap distance was gradually increased up to 30 nm, He *et al*. observed a step‐wise increase of YFP--ORAI1 diffusion into ER--PM MCSs, a finding that is consistent with results obtained using the chemical‐inducible strategy (Varnai *et al*. [2007](#tjp13654-bib-0089){ref-type="ref"}). Ideally, the LiMETER or OptoPBer systems can be repurposed to deliver proteins of interests into ER--PM MCSs to assess their contributions to MCS assembly, maintenance and dynamics. Clearly, these exciting examples have illustrated the prowess of optogenetics in the molecular dissection of MCSs *in situ* with high spatiotemporal resolution.

Conclusions {#tjp13654-sec-0100}
===========

Tight contacts between two opposing membranes from different organelles regulate a number of fundamental physiological processes. Over the past two decades, we have witnessed technological advances in both electron microscopy and fluorescence microscopy, both of which are widely adopted to aid MCS visualization. Fluorophore‐based MCS labelling methods, when coupled with advanced high‐content imaging platforms, now open new avenues to discovery and systematically dissect the molecular composite of individual MCSs within different cell types in a high‐throughput manner. Complementary to existing MCS labelling methods or tools, a series of genetically encoded MCS actuators, exemplified by LiMETER and OptoPBer as ER--PM MCS marker, have enabled remote and reversible control of MCS assembly with unprecedented spatial and temporal precision. Such optogenetic manipulations make it possible to design and perform loss‐of‐function or gain‐of‐function experiments typically seen in classical genetic studies.

These new techniques and tools will likely find uses to solve some controversies in the field of membrane contact sites. A prominent example is the debated functional role of mitofusin 2 (MFN2) proposed by the Scorrano (de Brito & Scorrano, 2008) and Pozzan/Pizzo (Filadi *et al*. 2015) groups. Mitofusins, including MFN1 and MFN2, are GTPases located in the outer mitochondria membrane (OMM), and are thought to be essential for the fusion of OMM (Santel & Fuller, [2001](#tjp13654-bib-0071){ref-type="ref"}). In addition to its undisputed role in mitochondrial fusion, MFN2 is found to be critical for the formation of ER--mitochondria juxtaposition. In one study by the Scorrano group, the ER--mitochondria interactions were disrupted upon genetic ablation or silencing of MFN2 in mouse embryonic fibroblasts (MEFs) and HeLa cells (de Brito & Scorrano, [2008](#tjp13654-bib-0018){ref-type="ref"}). In a second study, the Pozzan/Pizzo group, nevertheless, reported an increase in the ER--mitochondria coupling in *MFN2* ^−/−^ MEFs or *MFN2* knockdown MEFs (Filadi *et al*. [2015](#tjp13654-bib-0024){ref-type="ref"}). Both groups utilized traditional EM and confocal imaging approaches to monitor the morphological changes at ER--mitochondria interfaces. To reconcile this controversy, it is imperative to compare the ER--mitochondria contact sites at near‐native states in both normal and *MFN2* ^−/−^ cells. This can be achieved by using either super‐resolution fluorescence microscopy or the Cryo‐ET technique that obviates the need for dehydration or chemical fixation. In parallel, chemogenetic or optogenetic tools can be applied to precisely perturb ER--mitochondria tethering in *MFN2* ^−/−^ MEFs, mimicking functional rescue to elucidate the role of mitofusions at ER--mitochondria junctions.

Conceivably, the aforementioned chemogenetic and optogenetic engineering approaches can be broadly extended to photo‐manipulate other types of interorganellar contact sites, such as the ER--endosome, ER--lysosome, ER--peroxisome, ER--lipid droplet and ER--mitochondria MCSs, thus exerting remote control over interorganellar communication to achieve tailored function non‐invasively. With the rapid expansion of molecular tools designed for visualization and interrogation of MCSs, we look forward to exciting times for the burgeoning field of MCS biology.
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